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ABSTRACT Fatty liver hemorrhagic syndrome is the
main cause of noninfectious death of laying hens and
results in substantial economic losses to the poultry
industry. This study focused on evaluating the effects
of Poly-dihydromyricetin-fused zinc nanoparticles
(PDMY-Zn NPs) on antioxidant capacity, liver lipid
metabolism, and intestinal health in laying hens. A total
of 288 Jingfen laying hens (52 wk old) with similar body
weights were randomly divided into 4 dietary groups
with 6 replicates in each group for 8 wk. The control
group received a basal diet, while the treatment groups
were supplemented with PDMY-Zn NPs at levels of 200,
400, and 600 mg/kg, respectively. The results indicate
that PDMY-Zn NPs supplementation can enhance anti-
oxidant parameters (P < 0.05) in the blood and liver of
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laying hens. Simultaneously, it can mitigate vacuolar
degeneration and inflammatory necrosis in hepatocytes,
improve the relative expression level of related parame-
ters associated with liver lipid metabolism and key regula-
tory genes (P < 0.05). Furthermore, it has been observed
to reshape the composition and diversity of cecum
microbes by increasing beneficial probiotics such as Lac-
tobacillus and Prevotella, while also enhancing villi height
and villi/crypt ratio in the duodenum and ileum (P <
0.05). Additionally, it elevates liver bile acid content
along with the relative expression of key genes involved
in liver synthesis (P < 0.05). In summary, PDMY-Zn
NPs showed potential to alleviate fatty liver hemorrhagic
syndrome by enhancing antioxidant capacity, regulating
liver lipid metabolism, and maintaining intestinal health.
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INTRODCTION

Chronic liver disease (CLD) is a leading cause of mor-
tality and morbidity worldwide (Patten and Shetty,
2018). Nonalcoholic fatty liver disease has become the
most common CLD in humans (global prevalence
exceeds 30%) and is closely associated with increased
mortality from cardiovascular disease, extrahepatic can-
cer and liver complications (Powell et al., 2021; Younossi
et al., 2023). Fatty liver hemorrhagic syndrome (FLHS)
is one of the common CLD in laying hens, which has
great similarity with Nonalcoholic fatty liver disease
(Hamid et al., 2019) . In addition, FLHS is the leading
cause of noninfectious mortality in cage laying hens
worldwide, mainly manifested by significant decrease in
egg production, liver steatosis and sudden death, etc.,
bringing great economic losses to the laying industry
(Trott et al., 2014; Tu et al., 2023). Although caused by
a variety of factors such as nutrition, hormones, environ-
ment and metabolism, oxidative stress is generally rec-
ognized as a major factor in the pathophysiology of CLD
(Arroyave-Ospina et al., 2021; Gao et al., 2019). More-
over, it plays a crucial role in further progression to
hepatic fibrosis, cirrhosis, and hepatocellular carcinoma
(Allameh et al., 2023). Therefore, it is necessary to adopt
appropriate strategies to reduce the adverse consequen-
ces caused by excessive oxidative stress in laying hens.
Natural products, primarily compounds derived from

plant, animal and mineral sources, have been an impor-
tant resource for maintaining health and treating or pre-
venting human and animal diseases over millennia
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(Mehta et al., 2015). There has been substantial evi-
dence that dietary supplementation of natural products
with antioxidant, inflammatory and lipid-lowering com-
ponents can effectively reduce liver damage caused by
FLHS (Xing et al., 2020; Gao et al., 2020; Miao et al.,
2021). Overall, their effects are mainly related to regu-
lating glucose and lipid metabolism, alleviating oxida-
tive stress and inflammation, and improving gut
microbiota and metabolites. However, the underutilized
benefits of natural products are attributed to their poor
water solubility, low permeability, instability and high
metabolic rate (Meena et al., 2020). Currently, this
problem can be solved by increasing its bioavailability
through cyclodextrin complexation, solid-lipid nanopar-
ticles, liposome and polymeric nanoparticles, etc
(Paroha et al., 2020; Vanti et al., 2021) .

Dihydromyricetin (DMY), a naturally occurring fla-
vonoid compound primarily extracted in the traditional
chinese medicinal plant “Ampelopsis grossedentata”(-
Chen et al., 2021a). Studies have shown that it has
many activities, such as oxidation resistance, anti-
inflammatory, antimicrobial, hepatoprotective, and
antitumor activity (Wu et al., 2022; Zhang et al., 2022).
Several studies have shown that DMY can mitigate
hepatic steatosis or damage caused by various stresses
by improving lipid metabolism, enhancing antioxidant
capacity, and inhibiting inflammation reaction (Xie et
al., 2016; Dong et al., 2019; Silva et al., 2020). Interest-
ingly, the DMY molecular structure has upper supramo-
lecular stability, an integral conjugated large pi bond,
strongly coordinated oxygen atoms, and appropriate
molecular compositions, which can react to form DMY-
metal complexes with the metal ions (Zhang et al.,
2005). It is rather surprising that DMY has shown better
biological activity in the presence of metal ions (Liu et
al., 2019).

The trace mineral zinc (Zn) is a vital component of
the laying hen’s diet that plays a number of physiologi-
cal roles, including cell growth and differentiation,
immune regulation, and protein and carbohydrate
metabolism (Abd El-Hack et al., 2017). Zn also plays a
role in the proper function of lipid and glucose metabo-
lism, regulation and formation of insulin expression
(Olechnowicz et al., 2018). Moreover, it has the effects
of alleviating environmental stress (Zhu et al., 2017),
reducing aggressive behavior of laying hens (Sorosh et
al., 2019), and maintaining egg quality and laying per-
formance (Cufadar et al., 2020). Therefore, our previous
studies have prepared Poly-dihydromyricetin-fused zinc
nanoparticles (PDMY-Zn NPs) with the chemical
combination of Zn and DMY (Luo et al., 2021). By char-
acterization, it formed 300-400nm irregular brown pow-
der, and had good thermal stability and gastrointestinal
stability (Luo et al., 2021). Similar studies have also
shown that it has stronger scavenging activity on
DPPH, hydroxyl radicals, and paraffin on superoxide
anion radical than vitamin C (Wu et al., 2011). More-
over, our recent findings showed that compared with
other zinc sources, PDMY-Zn NPs have the potential
effect of improving lipid metabolism and reducing the
incidence of FLHS in laying hens (Yang et al., 2022).
However, the appropriate level of PDMY-Zn NPs sup-
plementation and possible mechanisms to alleviate
FLHS in laying hens have not been clarified. Hence, the
present study aimed to examine the effects of different
levels PDMY-Zn NPs on lipid metabolism, serum bio-
chemical, and antioxidant indices, intestinal health and
bile acid metabolism of laying hens.
MATERIALS AND METHODS

Preparation of PDM-Zn NPs

DMY product was extracted from Ampelopsis grosse-
dentata. In brief, dried leaves of Ampelopsis grosseden-
tata were weighed and dissolved completely in a beaker
with deionized water ata 1:20 solid-liquid ratio. After
reaction for 30 min at 100°C and pH=5, the filtrate was
collected and refrigerated at -4°C to produce crystalliza-
tion. After filtration, the collected solids were soaked in
ethanol (anhydrous) for further purification. Subse-
quently, after repeated filtration with deionized water
lotion for several times, the collected DMY samples were
air-dried at 50°C. The prepared DMY and ZnSO4 were
fully dissolved respectively and mixed according to the
molar ratio of 2:1. After reaction at 70°C and pH = 6.4
for 4 h, the particles were filtered and collected while
hot, and then washed repeatedly with deionized water
and ethanol. Finally, PDM-Zn NPs (DMY, 80.37%; Zn,
19.63%) was dried in a hot air oven at 50°C. The detailed
synthesis and characterization of PDM-Zn NPs can be
seen in the previous studies of our research group (Luo
et al., 2021).
Experimental Design and Management

Experimental protocol was approved by Ethics and
Welfare of Animal Experiments Committee of Zhongkai
University of Agriculture and Engineering, China
(Approval no:20220413-02). Two hundred eighty-eight
Jingfen pink-shell laying hens (52-wk-old) with similar
weight were randomly selected and assigned to 4 dietary
treatments, with 6 replicates of 12 hens each. The con-
trol group (T0) was fed the basal diet, while the T200,
T400, and T600 treatment groups were fed the basal
diet supplemented with 200, 400, and 600 mg/kg of
PDM-Zn NPs, respectively. The basal diet (Table 1)
was formulated to meet all nutritional requirements
except Zn according to the basic requirements of
National Research Council (1994) and China Agricul-
tural Standard (NY/T 33-2004). Zn was added to the
basal diet in the form of PDM-Zn NPs. The actual con-
centrations of Zn in the diets of each group were 37.40,
78.73, 119.91 and 160.98 mg/kg, respectively, deter-
mined by inductively coupled plasma emission spec-
trometry .
All birds were raised in an experimental farm and

housed in 3-tier ladder-type cages (60£ 50£ 50 cm) with
3 hens per cage. These hens were fed 105 grams per day
(twice a day, at 5:30 a.m. and 4:30 p.m.), water ad



Table 1. Ingredient and nutrient composition of the basal diets.

Ingredients Content %

Corn 59.50
Soybean meal 23.52
Soybean oil 2.09
Limestone 9.37
Corn gluten meal 2.99
Di-calcium phosphate 1.30
DL-Methionine 0.13
Salt 0.30
Premix (Zn free)1 0.80
Total 100.00
Nutrient levels2

Metabolizable energy (MJ/kg) 11.29
Crude protein,% 16.70
Total digestible lysine, % 0.73
Total digestible methionine, % 0.36
Total digestible methionine + cysteine, % 0.68
Calcium, % 3.39
Total phosphorus, % 0.67
Available phosphorus, % 0.34

1Premix provided the following per kg of the diet: Vitamin A, 10,323
IU; Vitamin D3, 3,720 IU; Vitamin E, 37.20 mg; Vitamin K3, 3.10 mg; thi-
amine, 3.10 mg; riboflavin, 8.68 mg; pyridoxine, 5.27 mg; Vitamin B12,
0.026 mg; niacin, 52 mg; calcium pantothenate, 13 mg; folic acid, 2.17 mg;
biotin, 0.127 mg; Fe, 112 mg; Cu, 11.2 mg; Mn, 140 mg; Se, 0.56 mg; I,
0.7 mg.

2Nutrient levels were calculated values.
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libitum, and exposed to a 16L: 8D photoperiod. The
entire experiment lasted 8 wk, including the first 2 wk of
pretest, after 6 wk of formal experiment.
Sample Collection

At the end of the experiment, 2 chickens from each
replicate were randomly selected and fasted for 8 h prior
to slaughter. Blood was collected from the wing vein
blood collection, and then slaughtered by cervical dislo-
cation. Initially, serum samples were incubated at 37°C
for 2 h, then centrifuged at 3,500 r/min at 4°C for
10 min, and the supernatant was stored at -80°C for fur-
ther assay. After euthanizing, the liver and intestines
were isolated. One part of the liver sample was immedi-
ately frozen in liquid nitrogen and stored at �80°C for
RNA extraction and bile acid composition analysis,
while another part was fixed in 4% paraformaldehyde
solution for liver Lipid accumulation and histometric
analysis. The anterior intestines of duodenum, jejunum
and ileum were clipped with 2 to 3 cm respectively,
gently cleaned with 0.9% normal saline, and then fixed
in a test tube containing 4% paraformaldehyde for intes-
tinal morphology analysis. The cecum was isolated and
cut open at the end, then the contents were rapidly
squeezed into a sterile cryotube with tweezers for intesti-
nal microbiota analysis.
Antioxidant and Lipid Metabolism Indexes

The liver 10% homogenate was prepared by homoge-
nizing 0.1 g of liver tissue with 9 mL of 0.86% normal
saline. After centrifuged at 4°C at 2,500 r/min for
10 min, the supernatant was taken for correlation index
determination. Antioxidant indexes mainly included
copper-zinc superoxide dismutase (CuZn-SOD), cata-
lase (CAT) and malondialdehyde (MDA), while lipid
metabolism related indexes included triacylglycerol
(TG), total cholesterol (TC), high-density lipoprotein
cholesterol (HDL-C), low-density lipoprotein choles-
terol (LDL-C). They were assessed using commercially
available kits following the manufacturer’s instructions
(Nanjing Jiancheng Bioengineering Institute, China).
Morphological Analysis of Liver and
Intestine

Briefly, we fixed liver and intestine samples with 4%
paraformaldehyde for 48 h, dehydrated them, embedded
them in paraffin, embedded them in tissue sections, and
stained them with Hematoxylin and eosin. Subse-
quently, the liver sections were imaged using Upright
Optical Microscope (Nikon Eclipse Ci-L, Japan) under a
microscope through 200 x magnification. Further analy-
sis, identification, and description were conducted on
liver tissue for pathological changes, such as degenera-
tion, inflammation, edema, and congestion. Besides,
liver sections were performed using Oil red O staining to
visualize lipid droplet accumulation under 400 x magni-
fication. The percentage of lipid droplets was then ana-
lyzed by calculating the ratio of the pixel area of red to
the total pixel area in each visual field using the ImageJ
software. For intestinal sections, the target area was
selected for 40-fold imaging after HE staining. Subse-
quently, the villus height and crypt depth were mea-
sured and analyzed using Image-Pro Plus 6.0 software,
and finally the mean value was used as the calculated
value of each sample.
Real-Time PCR for Lipid Metabolism Related
mRNA Expression

Total RNA was extracted from livers using RNAiso
reagent. Using a DeNovix DS-11 Spectrophotometer
(DeNovix Inc.), RNA samples were quantified at 260/
280 nm for concentration and purity. And then reverse
transcribed to cDNA by the primescript RT reagent kit
(Takara, RR037A) according to the manufacturer’s
instructions. Finally, qRT-PCR was performed in tripli-
cate using HieffTM qPCR SYBR Green Master Mix kit
in the ViiA7 Real-time PCR System (Thermo Fisher
Scientific), according to the manufacturers instructions,
and the expression of target genes was normalized to
GAPDH. The sequences of PCR primers (Table 2) were
synthesized by the Suzhou Jinweizhi Biotechnology Co.,
Ltd (Suzhou, China). We determined each target gene’s
relative expression using the 2�DDCt method.
Analysis of Bile Acid Compounds

The liver samples were accurately weighed at about
25 mg and transferred to EP tube. After adding 1,000
mL extract, the samples were swirled and mixed for 30 s,



Table 2. primer used for quantitative real-time PCR.

Gene Primer sequence (5’−3’) Accession number

PPAR a AGTAAGCTCTCAGAAACTTTGTTG NM_001001464.1
GTCATTTCACTTCACGCAGCA

SREBP 1C ATCATGCGGCGACCGAC NM_204126.3
GCAGCATGTCGTCGATGT

ACC a ATGGTGGGGTATGTGAGTGC NM_205505.2
CATGGCAATCTGGAGCTGTG

FAS CCAACGATTACCCGTCTCAA J03860
CAGGCTCTGTATGCTGTCCAA

SCD GTTCCTACTCCCCGTCACAC NM_204890.2
TCACGTAAAATACACCATGGGAGA

CYP7A1 TTCAAGAGTGCCCACAGTGC NM_001001753.2
AGCATGACAAGCTCGGAGAG

CYP27A1 ACTTTCGTCTGGCTCTTCCTG XM_422056.7
CATCGGGTATTTGCCCTCCT

SHP GTCACCAGTAGCACGGACAT NM_001030893
GGCTGAGGAGGGTGTAGAGA

FXR GCTCTCACTTGTGAAGGATGC NM_204113.2
GCATTTCCTTAGACGGCACTC

GAPDH AGAACATCATCCCAGCGT NM_204305.2
AGCCTTCACTACCCTCTTG

Abbreviations: ACC a, acetyl-CoA carboxylase alpha; CYP27A1, ste-
rol 27-hydroxylase; CYP7A1, cholesterol 7-alpha hydroxylase; FAS, fatty
acid synthase; FXR, farnesoid X receptor; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; PPAR a, peroxisome proliferator activated
receptor alpha;

SCD, stearoyl-CoA desaturase; SHP, small heterodimer partner;
SREBP 1C, sterol regulatory element binding transcription factor 1.
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ground at 35 Hz for 4 min, and then transferred to ice
water bath for 5 min for ultrasound, repeated 3 times.
Finally, after incubation at -40°C for 1 h and centrifuga-
tion at 12,000 rpm for 15 min, the supernatant was
transferred to the sample bottle for UHPLC-MS/MS
analysis. Among them, the UHPLC conditions: Waters
ACQUITY UPLC BEH C18 column (150 £ 2.1 mm, 1.7
mm). Phase A consisted of 1 mmol/L ammonium acetate
and 0.1 % acetic acid aqueous solution, and phase B con-
sisted of acetonitrile. The temperature of the column
incubator was 50°C, while the sample tray was 4°C, and
the injection volume was 1 mL. The main parameters of
ion source in MS: Spray voltage = +3500/-3100 V,
Sheath gas (N2) flow rate = 40, Aux gas (N2) flow
rate = 15, Sweep gas (N2) flow rate = 0, Aux gas (N2)
temperature = 350°C, Capillary temperature = 320°C.
Sequencing and Analysis of Cecum
Microorganisms

The DNA was extracted by CTAB method. After the
purity of DNA were detected by 1% agarose gel electro-
phoresis, appropriate amount of samples were taken into
a centrifuge tube and diluted to 1 ng/mL. The microor-
ganisms were analyzed by sequencing the V3-V4 region of
16s RNA using upstream and downstream priors 341F
(50-CCTAYGGGRBGCASCAG-30) and 806R (50-
GGACTACNNGGGTATCTAAT-30), respectively. The
PCR reaction program was predenaturation at 98°C for
1 min, followed by 30 cycles of 98°C for 10 s, 50°C for
30 s, and 72°C for 30 s. Subsequently, after equal concen-
tration mixing according to the concentration of PCR
products, the PCR products were purified by electropho-
resis on an agarose gel with a 1£TAE concentration of
2%, and the target band was recovered by clipping.
Finally, the sequencing library was constructed using Illu-
mina’s TruSeq DNA PCR-Free Sample Preparation Kit
(Illumina, USA). After qualified by Qubit quantification
and library detection, the constructed library was
sequenced by Illumina NovaSeq 6000 (PE250).
In order to ensure the accuracy of OTU clustering and

subsequent analysis, the original sequencing was first
pruned, de-noised, splicing, and chimaera removed to
obtain the final feature sequence. Based on this
sequence, the species composition of each group was
annotated and evaluated first, and the significant differ-
ences of species classification levels among groups were
analyzed by LEfSe. Then, Alpha and Beta diversity
analysis was performed to explore the differences in spe-
cies composition between the sample groups. Finally,
the sequences of measured microbial genomes were
mapped to the MetaCyc database for functional predic-
tive analysis (Langille et al., 2013; Comeau et al., 2017).
Statistical Analysis

The results were statistically analyzed by 1-way
ANOVA followed by Duncan’s multiple range tests
(SPSS 24.0), and then regression analysis was used to
test the linear and quadratic effects. Differences among
treatments were deemed to be significant at P < 0.05,
and results were presented as mean and standard error
mean (SEM).
RESULTS

Serum Antioxidant and Lipid Metabolism
Indexes

The effect of dietary PDMY-Zn NPs on serum antiox-
idant and lipid metabolism indexes of laying hens are
listed in Table 3. There were no significant differences in
CAT among the groups. The activity of CuZn-SOD in
serum increase (linear and quadratic, P < 0.05) with
increasing dietary PDMY-Zn NPs levels, whereas the
amount of MDA was dramatically reduced (linear and
quadratic, P < 0.05). Additionally, the contents of TG,
TC, HDL-C, and LDL-C in serum were significantly
affected by dietary PDMY-Zn NPs supplementation.
The contents of TG, TC, and LDL-C in serum were
decreased (linear and quadratic, P < 0.05). Conversely,
HDL-C content was increased (linear and quadratic, P
< 0.05) by dietary PDMY-Zn NPs levels.
Liver Antioxidant and Lipid Metabolism
Related Indicators

As shown in Table 4, different levels of PDMY-Zn
NPs had no significant effect on CAT activity in liver of
laying hens. However, with PDMY-Zn NPs supplemen-
tation, the contents of CuZn-SOD was significantly
increased linearly or quadratic, while the content of
DMA was significantly decreased, and the extreme value



Table 3. Effects of PDMY-Zn NPs at different levels on serum antioxidant and lipid metabolism indexes of laying hens.

Items

PDMY-Zn NPs levels (mg/kg)

SEM

P-value

T0 T200 T400 T600 ANOVA Linear Quadratic

CuZn-SOD (U/mL) 75.84a 79.64ab 81.38b 83.52b 0.85 0.004 <0.001 0.001
CAT (U/mL) 4.73 4.86 4.88 4.92 0.20 0.991 0.757 0.949
MDA (nmol/mL) 10.52a 9.64ab 8.51c 9.13bc 0.22 0.004 0.005 0.002
TG (mmol/L) 20.90a 18.19ab 14.44c 14.79bc 0.78 0.003 <0.001 0.001
TC (mmol/L) 5.47a 5.00a 3.70b 3.76b 0.24 0.008 0.001 0.005
HDL-C (mmol/L) 0.81b 0.87ab 1.01a 0.98a 0.03 0.049 0.011 0.029
LDL-C (mmol/L) 0.48a 0.36b 0.33b 0.32b 0.02 0.002 0.001 0.001

Abbreviations: CAT, catalase; CuZn-SOD, copper-zinc superoxide dismutase; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipo-
protein cholesterol; MDA, malondialdehyde; TC, total cholesterol; TG, triacylglycerol.

a,b,cValues without the same letters within the same line indicate a significant difference (P < 0.05).

Table 4. Effects of PDMY-Zn NPs at different levels on antioxidant and lipid metabolism indexes in liver of hens.

Items

PDMY-Zn NPs levels (mg/kg)

SEM

P-value

T0 T200 T400 T600 ANOVA Linear Quadratic

CuZn-SOD (U/mgprot) 42.82b 48.85a 50.44a 50.42a 1.15 0.046 0.014 0.018
CAT (U/mgprot) 9.07 9.86 10.52 10.31 0.37 0.547 0.192 0.345
MDA (nmol/mgprot) 6.33a 5.30b 4.64b 4.80b 0.19 0.004 0.001 0.001
TG (mmol/L) 0.85 0.80 0.83 0.73 0.03 0.306 0.137 0.279
T-C (mmol/L) 0.43a 0.36ab 0.31b 0.33b 0.02 0.034 0.011 0.013
HDL-C (mmol/L) 0.16b 0.33a 0.33a 0.34a 0.02 0.001 <0.001 <0.001
LDL-C (mmol/L) 0.047a 0.049a 0.037b 0.036b 0.01 0.005 0.002 0.008

Abbreviations: CAT, catalase; CuZn-SOD, copper-zinc superoxide dismutase; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipo-
protein cholesterol; MDA, malondialdehyde; TC, total cholesterol; TG, triacylglycerol.

a,bValues without the same letters within the same line indicate a significant difference (P < 0.05).
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appeared in 400 mg/kg group (P < 0.05). Similarly, the
contents of TC and LDL-C in liver were significantly
decreased (linear and quadratic, P < 0.05) with PDMY-
Zn NPs supplementation, while the content of HDL-C
was significantly increased (linear and quadratic, P <
0.05). In addition, the content of TG in liver also
decreased, but did not reach a significant level.
Figure 1. Effects of PDMY-Zn NPs at different levels on liver lipid dro
yellow arrows in the figure point to the hepatocyte cytoplasm vacuoles, and t
Liver Morphology and Lipid Droplet Content

The effect of dietary PDMY-Zn NPs on the liver mor-
phology of laying hens was listed in Figure 1. In the con-
trol group, vacuolar degeneration of hepatocytes was
more common, and a large focal infiltration of inflamma-
tory cells was seen around the blood vessels (Figure 1A).
The 200 mg/kg of PDM-Zn NPs group was similar to
plet content of laying hens. (A) T0, (B) T200, (C)T400, (D) T600. The
he black arrows point to the focal infiltration of inflammatory cells.



Figure 2. Effects of PDMY-Zn NPs at different levels on liver lipid droplet content of laying hens. (A) The percentage of lipid droplet surface
area(400 magnification); (B) T0, (C) T200, (D)T400, (E) T600. a,b,c Values without the same letters within the same line indicate a significant differ-
ence (P < 0.05).
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the control group in vacuolar degeneration of hepato-
cytes, but the focal infiltration of inflammatory cells
around the blood vessels was alleviated (Figure 1B).
The liver cells were equally pigmented, the cytoplasm
was abundant, and there was no evident vacuolar degen-
eration in the 400 mg/kg PDM-Zn NPs group. Instead, a
small number of inflammatory cells infiltrated
(Figure 1C). Regarding 600 mg/kg PDM-Zn NPs, less
vacuolar degeneration and no obvious necrosis or inflam-
matory reaction was found in the tissue (Figure 1D).
Overall, the outcome exhibited that the supplementa-
tion of PDMY-Zn NPs in hens diet can reduce the vacu-
olar degeneration of hepatocytes and prevent or treat
the inflammatory response of hepatocytes.

Figure 2 illustrates the effect of dietary PDMY-Zn
NPs on the content of lipid droplets in laying hens. The
number of red pixels, which indicate the buildup of lipid
droplets, reduced in each segment as dietary PDM-Zn
NPs content increased. Furthermore, the lowest accu-
mulation of liver lipid droplet was noted in 400 and
600 mg/kg PDM-Zn NPs as compared to control and
200 mg/kg PDM-Zn NPs.
Relative Expression of Lipid Metabolism-
Related Genes

The effect of dietary PDMY-Zn NPs on the relative
expression of lipid metabolism-related genes of laying
hens was listed in Figure 3. FAS and CYP27A1
mRNA levels in the liver did not significantly differ
between the groups. As the concentration of PDMY-
Zn NPs increased in the diet, the relative expression
level of PPAR a, FXR and SHP were noticeably up-
regulated in comparison to the control, with the high-
est values in the 400 mg/kg group (P < 0.05). How-
ever, a significant decreasing trend was exhibited for
ACC a and SCD mRNA (P < 0.05), particularly in
the 400 mg/kg group. Similarly, SREBP 1C and
CYP7A1 mRNA were also down-regulated in the
PDMY-Zn NPs diet compared to the control (P <
0.05).
Intestinal Mucosa Morphology

As shown in Table 5, dietary supplementation with
different levels of PDMY-Zn NPs had no significant
effects on jejunum villus height, crypt depth, and villus/
crypt (V/C) ratio. However, the villus height and V/C
of duodenum were significantly increased with PDMY-
Zn NPs supplementation (P < 0.01). Similarly, the villus
height and V/C of the ileum also showed linear or qua-
dratic increases (P < 0.05), while the crypt depth of the
duodenum and ileum was less affected by PDMY-Zn
NPs supplemental level.
Composition and Abundance of Cecal
Microorganisms

The composition and abundance analysis of cecal
microorganisms of laying hens was shown in Figure 4.
With the increase of dietary PDMY-Zn NPs, the OTU
of each group showed a gradual downward trend. There
were 826 OTUs in common among all treatment groups,
of which 355 were in T0 and T200 groups, followed by
130 in T400 and T600 groups (Figure 4C). At the phy-
lum level (Figure 4A), Bacteroidetes, Firmicutes, Pro-
teobacteria, and Fusobacteria were the dominant
microorganisms. Among them, the abundance of Bacter-
oidetes and Firmicutes in all groups exceeded 80%, and
the ratio of F/B between all groups was different. Com-
pared with T0 group, the F/B value in 200 mg/kg and
600 mg/kg groups was decreased, while that in
400 mg/kg group was increased, but no significant differ-
ence was reached. At the genus level (Figure 4B), the
microorganisms were composed of Bacteroides, Unspeci-
fied Bacteroidales, Ruminococcus, Unspecified Rumino-
coccaceae, Desulfovibrio and other microorganisms.
With the increase of PDMY-Zn NPs, Bacteroides



Figure 3. Effects of PDMY-Zn NPs at different levels on relative expression of lipid metabolism-related genes of laying hens. SREBP
1C = sterol regulatory element binding transcription factor 1, PPAR a = peroxisome proliferator activated receptor alpha, ACC a = acetyl-CoA
carboxylase alpha, FAS = fatty acid synthase, SCD = stearoyl-CoA desaturase, FXR = farnesoid X receptor, CYP7A1 = cholesterol 7-alpha
hydroxylase, CYP27A1 = sterol 27-hydroxylase, SHP = small heterodimer partner. a,b,c Values without the same letters within the same line indi-
cate a significant difference (P <0.05).
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showed a gradual increasing trend. To obtain the
characteristic microorganisms of each treatment group,
the difference of flora abundance at the genus level
between groups was tested by LEfSe method
(Figure 4D). In other words, there was a higher abun-
dance of microbes in this group relative to the other
groups (P < 0.05). The characteristic microorganisms of
Table 5. Effects of PDMY-Zn NPs at different levels on intestinal mu

Items

PDMY-Zn NPs levels (mg/kg)

T0 T200 T400 T600

Duodenum
V(mm) 968.68b 1374.74a 1509.04a 1412.3
C (mm) 48.75 40.67 46.25 42.6
V/C 20.23b 35.11a 33.48a 34.2
Jejunum
V (mm) 899.69 855.13 988.14 1063.3
C(mm) 45.00 36.47 34.59 40.2
V/C 19.90 24.30 28.99 29.4
Ileum
V (mm) 602.56c 751.74b 914.35a 898.7
C (mm) 31.65 36.86 34.98 35.0
V/C 19.73b 20.73b 26.14a 25.8

Abbreviations: C, crypt depth; V, villus height; V/C, villus height/crypt dep
a,b,cValues without the same letters within the same line indicate a significan
T0 treatment group were f_Clostridiaceae, g_Clostrid-
ium, etc. The characteristic microorganisms of T200
group were f_Prevotellaceae, g_Prevotella, etc. The
characteristic microorganisms in T400 group were
f_Lactobacillaceae, g_Lactobacillus, etc. The character-
istic microorganisms of T600 group were k_Bacteria,
g_Megamonas, etc.
cosal morphology of laying hens.

SEM

P-value

ANOVA Linear Quadratic

9a 56.33 <0.001 0.002 <0.001
5 1.80 0.408 0.441 0.622
1a 1.87 0.005 0.012 0.004

7 41.28 0.297 0.091 0.188
4 2.26 0.396 0.436 0.218
2 1.51 0.072 0.010 0.030

2a 34.23 <0.001 <0.001 <0.001
7 1.09 0.417 0.403 0.363
9a 1.01 0.026 0.005 0.020

th.
t difference (P < 0.05).



Figure 4. Effects of PDMY-Zn NPs at different levels on composition and abundance of caecum microorganisms in laying hens. (A) Microbial
composition at phylum level, (B) Microbial composition at genus level, (C) Venn diagram, (D) LEfSe analysis of cladogram
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Microbial Diversity Analysis and Prediction
Functions

Alpha diversity index commonly used in the analysis
of species diversity in samples, usually including OTU,
Chao1, Shannon and Simpson index. As shown in
Figure 5A, the OTU, Chao1 and Shannon indices of
cecal microflora of laying hens decreased with the
increase of PDMY-Zn NPs supplementation, but there
were no significant differences among all groups. Beta
diversity used to compare the composition of microbial
communities among different samples. In this study,
PERMANOVA and ANOSIM methods were used to
compare whether there were significant differences
among experimental groups. As shown in Figure 5B,
The Beta diversity of the T0 and T200 treatment groups
was similar, but both were significantly different from
the T400 group. Similar results also existed in the T600
group, but there was no significant difference from the
T400 group. Based on MetaCyc database, a total of 407
bacteria-related metabolic pathways were predicted in
this study (Figure 5C). Among them, The most
abundant pathways were gondoate biosynthesis (PWY-
7663), pentose phosphate pathway I (NONOXIPENT-
PWY), L-isoleucine biosynthesis II (PWY-5101),
cis-vaccenate biosynthesis (PWY-5973), pyruvate
fermentation to isobutanol (PWY-7111), and quercetin
glucoside biosynthesis (PWY-7129), superpathway of
pyrimidine nucleobases salvage (PWY-7208), L-isoleu-
cine biosynthesis IV (PWY-5104), glycolysis III (ANA-
GLYCOLYSIS-PWY), etc. The ANOVA+Duncan
method was used to analyze the significant difference of
microbial community prediction function between
groups. As shown in Figure 5C, the abundance of super-
pathway of Kdo2-lipid A biosynthesis (LPSSYN-PWY)
increased with the increase of PDMY-Zn NPs, and the
highest value appeared in the T600 group (P < 0.05).
Meanwhile, the relative abundances of NAD de novo
biosynthesis II (NADSYN-PWY), L-tryptophan degra-
dation IX (PWY-5655), formaldehyde assimilation I
(PWY-1622), glycogen degradation II (PWY-5941)
pathways were similar in the T0 and T200 treatment
groups, but significantly decreased in the T400 and
T600 groups (P < 0.05).
Bile Acid Compounds in Liver

The effect of dietary PDMY-Zn NPs on Bile acid com-
pounds (BAs) in liver of laying hens was listed in
Figure 6. With the increase of PDMY-Zn NPs supple-
mentation, the composition of BAs in liver of each group



Figure 5. Effects of PDMY-Zn NPs at different levels on Microbial diversity analysis and prediction functions in laying hens. (A) Alpha diver-
sity analysis, (B) Beta diversity analysis, (C) MetaCyc pathway prediction diagram, (D) MetaCyc pathways significant analysis. a,b,c Values without
the same letters within the same line indicate a significant difference (P < 0.05).
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showed different degrees of upward trend. The total BAs
increased first and then decreased, and the maximum
value was found in T400 treatment group (P < 0.05).
Interestingly, similar results were found for primary BAs
Figure 6. Effects of PDMY-Zn NPs at different levels on BAs in liver of
a MCA = a-Muricholic acid, CA = Cholic acid, TLCA =
THDCA = Taurohyodeoxycholic acid, TCDCA = Taurochenodeoxycholic
b,c,d Values without the same letters within the same line indicate a significan
and secondary BAs (P < 0.05). The unconjugated BAs
in T200 and T600 treatment groups were higher than in
T0 and T400 groups, but conjugated BAs in T400 treat-
ment group were significantly higher than other
laying hens. apoCA = Apocholic acid, CDCA = Chenodeoxycholic acid,
Taurolithocholic acid, TUDCA = Tauroursodeoxycholic acid,

acid, T-a-MCA = Tauro a-Muricholic acid, TCA = Taurocholic acid. a,

t differe nce (P < 0.05).



Figure 7. The relationship between the changes of intestinal flora structure and the metabolism of BAs. apoCA = Apocholic acid,
CDCA = Chenodeoxycholic acid, a MCA = a-Muricholic acid, CA = Cholic acid, TLCA = Taurolithocholic acid,
TUDCA = Tauroursodeoxycholic acid, THDCA = Taurohyodeoxycholic acid, TCDCA = Taurochenodeoxycholic acid, T-a-MCA = Tauro a-Muri-
cholic acid, TCA = Taurocholic acid. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001
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treatment groups (P < 0.05). Compared to the T0 con-
trol group, Dietary supplementation with PDMY-Zn
NPs significantly increased the contents of chenodexy-
cholic aid (CDCA), a-Muricholic acid (aMCA), Tauro-
lithocholic acid (TLCA), Taurohyodeoxycholic acid
(THDCA) in liver of laying hens (P < 0.05). After the
increase of PDMY-Zn NPs, there was a general trend of
decline in the content of apocholic acid (apoCA), taur-
oursodeoxycholic acid (TUDCA), taurochenodeoxy-
cholic acid (TCDCA), tauro alpha Muricholic acid (T-
a-MCA), and taurocholic acid (TCA) after an initial
rise. Among them, TUDCA, TCDCA and TCA reached
their maximum values in the T400 group (P < 0.05).

The relationship between the changes of intestinal
flora structure and the metabolism of BAs was listed in
Figure 7. The majority of BAs were positively correlated
with Megamonas, Bacteroides, Mucispirillum, while
negatively correlated with Phascolarctobacterium and
Prevotella. Megamonas exhibited a positive correlation
with a MCA, THDCA, apoCA, TUDCA, CA, and sec-
ondary BAs (P ≤ 0.01). Similarly, Bacteroides demon-
strated a significant positive correlation with a MCA,
THDCA, apoCA, and TUDCA (P ≤ 0.05). There was a
significant positive association between Mucispirillum
and TCA, secondary BAs, and T-a-MCA (P ≤ 0.05).
Nevertheless, Phascolarctobacterium was significantly
negatively associated with TCA, apoCA, CA, TCDCA,
primary BAs, secondary BAs, and total BAs (P ≤ 0.05).
Meanwhile, Prevotella was significantly negatively
correlated with apoCA, TUDCA, and secondary BAs (P
≤ 0.05).
DISCUSSION

Oxidative stress occurs when the production of oxi-
dants exceeds the ability of antioxidants to degrade
(Forman et al., 2021). It is a component of many dis-
eases and contributes to the occurrence and progression
of liver damage (Li et al., 2015). Recently, a large num-
ber of natural plants have been applied as antioxidants
to eliminate alcohol-induced liver damage, in which the
bioactive ingredients responsible for alleviating oxida-
tive stress are often attributed to polyphenols and flavo-
noids (Zhou et al., 2022; Jin et al., 2020; Li et al., 2021).
DMY is an important natural flavonoid, and as a poten-
tial chronic disease prevention antioxidant, its biological
activity has been extensively evaluated through multiple
cellular and animal models (Chen et al., 2021b). Guo et
al.(2021) showed that dietary supplementation of 300
and 500 mg/kg increased serum total superoxide dismu-
tase level, serum and liver reduced glutathione, muscle
CAT and serum HDL-C level, while decreased liver
MDA and muscle TG level in finishing pigs. Our study
demonstrated that dietary supplementation of PDMY-
Zn NPs led to both linear and quadratic reductions in
DMA, TC, and LDL-C levels in the serum and liver of
laying hens. Conversely, there were linear and quadratic
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increases in CuZn-SOD and HDL-C contents, with the
most significant changes observed in the 400 mg/kg
group. Similarly, the supplementation of DMY has been
shown to enhance lipid metabolism and antioxidant
capacity in various animal models, including mice (Guo
et al., 2022), shrimp (Lu et al., 2023), Hybrid Grouper
(Wang et al., 2022), and broiler chicks (Shi et al., 2022).

As an important part of lipid synthesis and metabolism
regulation in laying hens, the liver is easily disturbed by
factors such as diet composition, oxidative stress, hor-
mone level, and cage feeding, which can easily lead to
lipid metabolism disorder (Gao et al., 2019). The main
symptoms are massive deposition of tissue fat, inflamma-
tion, and increased lipid droplets, which seriously damage
the production performance and egg quality of laying
hens (Shini et al., 2019). Numerous studies have demon-
strated that the condition of adipose tissue in obesity and
other pathologies is closely related to Zn status (Olechno-
wicz et al., 2018). Qi et al. (2020) discovered that high
doses of zinc can alleviate glucose and lipid metabolism
disorders caused by nonalcoholic fatty liver disease by
reducing glucose production, promoting body absorption,
and decreasing lipid deposition. Furthermore, Zhao et al.
(2016) proposed that ZnO NP influenced egg quality and
specifically regulated lipid metabolism in hens by altering
the function of the hen’s ovary and liver. Zhang et al.
(2018) also identified that ZnO NPs disrupted lipid
metabolism in the liver and thereby affected blood lipid
balance in laying hens. Interestingly, Chi et al. (2023)
developed a novel zinc supplement (UO-Zn) using ulvan
oligosaccharide (UO) as a ligand and found that it signifi-
cantly decreased body and adipose tissue weight by
enhancing the reverse of cholesterol transport and fatty
acid b-oxidation. It is hypothesized that UO serves as a
functional ligand and works synergistically with Zn to
enhance lipid metabolism. Similarly, Wassie et al. (2022)
found that Enteromorpha polysaccharide-Zn promotes
fatty acid oxidation and inhibits fat synthesis in chickens
by modulating the expression of lipid metabolism-related
genes. In this study, it was found that there were much
mild vacuolar degenerations of hepatocytes in liver mor-
phology of control group, small vacuoles were observed in
the cytoplasm, and several inflammatory cell focal infil-
trations were observed around the blood vessels, which
were suspected to have mild FLHS symptoms. With the
addition of dietary PDMY-Zn NPs, the vacuolar degener-
ation and inflammatory necrosis of hepatocytes
decreased. Moreover, the content of lipid droplets in liver
also decreased, indicating that PDMY-Zn NPs can allevi-
ate the further deterioration of FLHS in laying hens.
Zeng et al. (2020) also found that adding DMY to high
fat diet alleviated metabolic disorders and improved liver
histopathology in mice, including liver steatosis, inflam-
mation, and fibrosis. Song et al. (2022) found that DMY
can improve the deposition of lipid droplets in the liver of
leptin-deficient mice. Similar studies have also shown
that DMY can reduce liver injury caused by lipopolysac-
charide (Shi et al., 2022). This might be associated with
the augmentation of Zn supplementation, and is more
prone to be related to the hypoglycemic and
hypolipidemic activities of its ligand DMY (Liu et al.,
2019). Simultaneously, it could also be attributed to the
synergy of DMY and Zn, and even give rise to novel phar-
macological activities, which requires further study.
The liver is the primary organ to encounter microbial

products that traverse the intestinal epithelial barrier,
and homeostasis is influenced by the composition of gut
microbiota and bacterial metabolites (Trebicka et al.,
2021). Dysregulation of intestinal microorganisms and
increased intestinal permeability are linked to the patho-
genesis of numerous CLD (Xu et al., 2022). Hamid et al.
(2019) utilized laying hens as an experimental model to
investigate the correlation between cecal flora and non-
alcoholic steatohepatitis (NASH). And findings indi-
cated that dysbiosis of cecal microbiota was associated
with the severity of fibrosis and NASH at various stages.
The cecum is the site of highest microbial density and
diversity in the intestinal tract of laying hens, with Fir-
miculus as the predominant group, followed by Bacter-
oides (Bindari et al., 2022). Changes in the relative
abundance and ratio of Firmiculus and Bacteroides are
important indicators reflecting the balance of intestinal
microflora, and closely related to obesity, diarrhea and
other diseases (Turnbaugh et al., 2006). Our results also
indicated that Firmicutes and Bacteroidetes were domi-
nant in the cecum of laying hens, accounting for over
80% of flora abundance. Among them, Firmicutes and
F/B values were reduced in the 200 mg/kg and
600 mg/kg groups. with the increase of dietary PDMY-
Zn NPs level, the alpha diversity index of OTU, Chao1,
Shannon and Simpson of cecal flora showed a downward
trend. Similar studies showed that dietary DMY supple-
mentation significantly reduced the diversity of OTU
and alpha in mice gut microbes, and increased Bacter-
oides, while Firmicutes and F/B values significantly
decreased (Fan et al., 2018). Additionally, the current
study also identified significant variances in the charac-
teristic microorganisms at the genus level among the
groups. The control group was distinguished by Clos-
tridium, while the cecum microflora of laying hens was
characterized by Lactobacillus, Prevotella and Macroo-
monas with PDMY-Zn NPs supplementation. Dong et
al. (2019) research also demonstrated that dietary sup-
plementation of DMY significantly elevated levels of
intestinal Lactobacillus and Akkermansia in mice. Lac-
tobacillus, as a probiotic, plays a crucial role in maintain-
ing intestinal health. It can produce Short-chain fatty
acid (SCFA), lactic acid, hydrogen peroxide, bactericin
and other antibacterial substances through metabolic
decomposition (Khan et al., 2020), or competitively
inhibit pathogen adhesion to intestinal epithelial sites
(Collado et al., 2007). Prevotella is a gram-negative
anaerobic bacterium with immune modifying properties
and inhibition of inflammatory cytokines. It ferments
dietary fiber to produce SCFA acetate (Franke et al.,
2018), which has potent anti-inflammatory effects partly
by promoting IL-10 production for T cell regulation
(Furusawa et al., 2013) and stimulating innate immune
cell development through succinic acid production from
dietary fiber and fat metabolism (Rubic et al., 2008).
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Macroomonas can generate metabolites such as acetic
acid, propionic acid and lactic acid through carbohy-
drate fermentation to further contribute to bodily mate-
rial metabolism or immune regulation functions for
intestinal health (Rauf et al., 2022) In conclusion, this
study demonstrated that PDMY-Zn NPs alters the com-
position and diversity of microbes in the cecum tract and
enhances the abundance of probiotics, which may con-
tribute to alleviating liver lipid metabolism disorders in
laying hens. Another study also indicated that DMY
mitigated nonalcoholic steatohepatitis in mice by upre-
gulating gut probiotics and inhibiting harmful gut bac-
teria (Miao et al., 2023).

BAs are crucial metabolites in the intestine, catego-
rized into primary bile acids synthesized directly from
cholesterol in the liver, and secondary bile acids
excreted into the intestine and then dehydroxylated
by intestinal bacteria (Kobayashi et al., 2022). In
order to gain a deeper understanding of the impact of
PDMY-Zn NPs on lipid metabolism in the livers
through the regulation of intestinal microorganisms,
we conducted analyses on bile acid metabolism levels
and mRNA expression of key regulatory factors in the
liver of laying hens using UHPLC-MS/MS and qPCR.
The study revealed that dietary supplementation of
PDMY-Zn NPs generally led to an increase in the con-
centration of bile acids in the liver. Specifically, the
levels of primary bile acids, secondary bile acids, and
total bile acids initially increased and then decreased
in response to the increasing supplemental level of
PDMY-Zn NPs, and maximum values occurred in the
400 mg/kg group. Bile acids prevent overgrowth of
gut bacteria and exert a powerful antibacterial effect
on gut homeostasis (Kurdi et al., 2006). This may be
an important reason for the decreased microbial diver-
sity in the cecum of laying hens in experimental group.
Further, BAs synthesis is the main pathway of choles-
terol metabolism, and it also serves as a variety of
functional signaling factors, mainly involved in regu-
lating lipid, glucose, and energy metabolism through
nuclear receptors and related signaling pathways, thus
playing an important physiological role in regulating
lipid homeosta (Chiang et al., 2009). The synthesis of
BAs primarily involves the classical pathway as the
main route, with CYP7A1 serving as the key rate-lim-
iting enzyme. The alternative pathway mainly oper-
ates under pathological conditions in the body, where
CYP27A1 acts as the key rate-limiting enzyme (Rus-
sell et al., 2003). BAs regulate their own synthesis,
metabolism, and homeostasis by modulating FXR and
related pathways (Matsubara et al., 2013). FXR can
induce SHP in a dependent manner to inhibit
CYP7A1 expression (Chiang et al., 2009). Addition-
ally, BAs can mediate FXR to induce PPARa expres-
sion for suppressing nuclear receptor 4a activity in
hepatocytes and inhibiting CYP7A1 transcription.
Moreover, PPARa also regulates CYP27A1 expression
in macrophages (Pineda et al., 2003). Interestingly,
this study demonstrated that dietary supplementation
of 400 mg/kg PDMY-Zn NPs up-regulated the relative
expression levels of FXR and SHP in liver, down-regu-
lated CYP7A1, but had no significant effect on
CYP27A1. Collectively, the present study indicated
that PDMY-Zn NPs may enhance BAs synthesis
through a classical pathway, and the synthesized BAs
can inhibit the relative expression of CYP7A1 through
FXR-dependent mediating SHP or inducing PPARa
expression after the hepato-intestinal cycle, thus main-
taining the metabolic balance of BAs.
Lipid deposition largely depends on the balance

between body lipid synthesis and lipolysis, which is
regulated by a large number of related enzymes, key
genes, and signaling pathways (Emami et al., 2020).
Currently, the exact regulatory mechanism of
PDMY-Zn NPs on lipid metabolism has not been elu-
cidated. Recent studies have generally recognized
that DMY primarily regulates lipid metabolism
through 2 main mechanisms (Chen et al., 2021a).
Firstly, DMY activates the expression of AMPK and
its target genes to inhibit fatty acid synthesis and
promote fatty acid b-oxidation, thereby mitigating
hepatic steatosis. Additionally, DMY suppresses the
production of reactive oxygen species by upregulating
the expression of Nuclear erythroid 2-related factor 2
and its antioxidant products, thus ameliorating oxi-
dative stress. ACC and FAS are key rate-limiting
enzymes in de novo lipogenesis, which are regulated
by LXRa, PPAR and SREBP 1c (Song et al., 2018).
Besides, ACC and FAS are target genes of SREBP
1c, which promote fat biosynthesis by directly pro-
moting their expression (Horton et al., 2002). LXRa
is a ligand-activated nuclear receptor that promotes
the expression of SREBP 1c and activates ACC and
FAS, while PPARa plays an important role in regu-
lating fat b-oxidation (Wang et al., 2020). A dietary
DMY supplementation reduces lipid accumulation in
finishing pigs through activation of AMPK/ACC sig-
naling and regulation mRNA expression of genes
related to lipogenesis, lipolysis and fatty acid oxida-
tion, according to Guo et al. (2021). Similar studies
have also shown that DMY can inhibit liver lipid de
novo synthesis by down-regulating the relative
expression of SREBP-1c/FAS (Song et al., 2022). We
indicated that dietary supplementation of 400 mg/kg
PDMY-Zn NPs significantly up-regulated the relative
expression of PPARa in liver, while the relative
expression of SREBP 1C, ACC, FAS and SCD was
significantly down-regulated. Accordingly, the present
study hypothesized that PDMY-Zn NPs may be
involved in the regulation of key enzyme activity or
key gene expression in the process of lipid synthesis
and lipoclasis to regulate lipid metabolism in laying
hens, but the specific way of regulation still needs
further study.
CONCLUSIONS

This study demonstrates that the dietary supplemen-
tation of PDMY-Zn NPs can enhance the antioxidant
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capacity of blood and liver in laying hens. Additionally,
it reduces vacuolar degeneration and inflammatory
necrosis of liver cells, decreases the content of liver lipid
droplets, improves the relative expression levels of lipid
metabolism-related parameters and key regulatory
genes. It also remodels the composition and diversity of
cecum microorganisms, increases the abundance of bene-
ficial probiotics such as Lactobacillus and Prevotella,
enhances villus height and villus/crypt ratio in the duo-
denum and ileum to maintain intestinal mucosal integ-
rity. Furthermore, it increases BAs content and relative
expression of key genes involved in liver synthesis. These
changes may help alleviate hepatic lipid metabolism dis-
order in laying hens by mediating hepatoenteric circula-
tion of BAs to improve FLHS. This study has important
implications for developing flavonoids related to
PDMY-Zn NPs structure, providing a theoretical basis
for their development as functional feed additives for
daily life and clinical prevention of CLD.
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